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The equivalent weight or "combining weight" of a chemical species is
obtained by dividing the formula weight of the ion by the ionic charge. The
equivalent concentration in meq/L (milliequivalents per liter) is obtained by
dividing the concentration in mg/L (milligrams per liter) by the equivalent
weight (or by multiplying by 1l/equivalent weight).

Multiply By To obtain

Aluminum (A13+) mg/L 0.11119 Aluminum (Al3+) meq/L
Caleium (Ca’’) mg/L .04990 Caleium (Ca®¥) meq/L
Chloride (Cl™) mg/L .02821 Chloride (Cl ) meq/L
Hydrogen (H+) mg/L .99209 Hydrogen (H+) meq/L
Iron (Fe3+) mg/L .05372 Iron (Fe3+) meq/L
Magnesium (Mg2+) mg/L .08226 Magnesium (Mg2+) meq/L
Potassium (K+) mg/L .02557 Potassium (K+) meq/L
Sodium (Na') mg/L .04350 Sodium (Na') meq/L
Sulfate (5042') mg/L .02082 Sulfate (3042') meq/L

(Hem, 1985, p. 56)

1 equivalent = 1,000 milliequivalents
1 milliequivalent = 1,000 microequivalents

Temperature-conversion formula

degree Fahrenheit (°F) = 1.8 x degree Celsius (°C) + 32

Sea Level: In this report "sea level" refers to the National Geodetic
Vertical Datum of 1929--a geodetic datum derived from a general adjustment of
the first-order level nets of the United States and Canada, formerly called
Sea Level Datum of 1929.
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WATER QUALITY AND HYDROGEOCHEMICAL PROCESSES IN MCDONALDS BRANCH BASIN,
NEW JERSEY PINELANDS, 1984-88

by Patricia A. Johnsson and Julia L. Barringer
ABSTRACT

The U.S. Geological Survey (USGS) conducted hydrologic and geochemical
studies during 1984-88 at McDonalds Branch basin, a small watershed located
in the Pinelands region of the New Jersey Coastal Plain. The purpose of
these studies was to examine the spatial and temporal variability of
chemical constituents in surface water and ground water in the basin, and to
investigate the complex hydrochemical processes that can contribute to that
variability. The studies were designed to improve the understanding of
hydrogeochemical processes in the Coastal Plain and to create a foundation
for any future detailed or long-term research on the potential effects of
acid rain on the freshwater resources of the Pinelands. McDonalds Branch
basin contains freshwater wetlands and is located in a regional ground-
water-recharge area adjacent to a major topographic divide. In contrast to
many other basins that have been the subjects of detailed watershed studies,
McDonalds Branch basin overlies permeable, unconsolidated, and highly
weathered sediments, rather than relatively impermeable crystalline bedrock.

The results of the USGS studies presented in this report indicate that
the basin receives strongly acidic deposition (pH 4.3), often referred to as
"acid rain", and that surface water and ground water are acidic and of low
ionic strength. Surface-water concentrations of hydrogen ion, dissolved
organic carbon (DOC), dissolved aluminum, and dissolved iron were greater in
an upstream ground-water-recharge area than in a downstream ground-water-
discharge area, indicating differences in the relative importance of input
from organic soil horizons and ground water in these areas. In ground
water, concentrations of these constituents tended to be smallest in upland,
sandy areas and largest in shallow wells in lowland areas of the basin,
particularly beneath headwaters of the stream.

Hydrology appears to affect dissolved constituents in surface water. An
inverse relation between concentration of dissolved silica in stream water
and stream discharge indicates that silica was derived primarily from ground
water. In contrast, concentrations of hydrogen ion, DOC, dissolved
aluminum, iron, manganese, and sulfate were directly related to discharge;
these constituents appeared to be derived mostly from soil zones within the
basin. Concentrations of dissolved calcium, magnesium, sodium, potassium,
and chloride were unrelated to discharge. Additionally, changes in surface-
water chemistry that accompanied a drought indicate that fluctuations in
water levels in the basin could alter oxidation-reduction conditions and,
hence, surface-water acidity.

Chemical input-output budgets for the basin were not calculated because
of uncertainty in the quantity and the chemistry of ground water leaving the
basin. Ion ratios of dissolved constituents to chloride provided qualit-
ative information on the uptake and release of constituents, however. On the
basis of calculations of ion ratios during a year (December 1986 through
November 1987) with approximately average precipitation, substantial amounts
of hydrogen ion, potassium, ammonium, sulfate, and nitrate appeared to be



accumulated in the basin. Calcium and magnesium accumulated in some areas
and were released in other areas. Dissolved organic carbon, dissolved
aluminum, iron, manganese, and silica apparently were released within the
basin. Because these input-output relations are based on only a single year
of data, these relations may not be representative of long-term conditions
in the basin.

Relatively large concentrations of aluminum, iron, and manganese were
present in some basin waters; aluminum, iron, and manganese correlated well
with organic carbon in surface water at the downstream gaging station, but
these metals did not appear to correlate well with organic carbon in most
ground water or with organic carbon in surface water in other parts of the
basin. Preliminary investigations of aluminum distributions into organic
and inorganic forms indicated that relatively large concentrations of
inorganic monomeric aluminum (generally considered to be toxic to aquatic
life at large concentrations) were present in some surface and ground
waters.

In general, these studies, as well as previous studies, indicate that a
number of hydrological, geochemical, and biological processes are working
together to govern the acidity of ground and surface water in the basin.
Additional investigation, including long-term monitoring of precipitation,
surface-water and ground-water chemistry, and detailed studies of individual
processes, is needed to determine the role of acidic deposition in the
acidification of surface and ground water.

INTRODUCTION

A forested watershed is a dynamic system wherein the hydrological,
geological, and biological cycles interact to produce a complex environment.
As Likens and others (1977) demonstrated in their classic study at the
Hubbard Brook Experimental Forest (HBEF) in New Hampshire, the study of
watershed processes requires an integrated approach that encompasses
components of all three cycles. The "small-watershed approach" developed by
Likens and others (1977) calls for selection of a watershed with an
"impermeable" base such that ground-water inputs or outputs presumably are
negligible, and differences between chemical inputs in precipitation and
outputs in surface water may be attributed to processes that occur within
the confines of the basin. The basinwide cycling of some chemical
constituents can be determined by monitoring precipitation and surface-water
quality and volumes. Information on specific processes can be determined by
sampling water as it moves through the ecosystem--for example, sampling at
different horizons in the soil zone or under various types of canopy
vegetation.

Application of the small-watershed approach to an expanding number of
forested sites led to an improved understanding of natural watershed
Processes and to a growing awareness that such processes may be perturbed by
human activities. Perhaps the greatest emphasis of watershed studies to
date (1991) has been on the role of acidic deposition (acid rain) in the
acidification of surface water and the decline of forests in North America
and Europe. A number of small-watershed studies conducted in areas such as
the White Mountains of New Hampshire (Cronan, 1980; Johnson and others,
1981), the Adirondack Mountains of New York (Galloway and others, 1980) and



the Catoctin Mountains of Maryland (Katz and others, 1985) have indicated
that current concentrations of sulfuric acid present in wet and dry
precipitation may cause the acidification of lakes and rivers.
Susceptibility of lakes or rivers to acidification appears to be affected,
to a large extent, by geologic setting--carbonate rocks tend to neutralize
rain acidity, whereas crystalline silicate rocks and noncarbonate sandstones
are unable to neutralize acidity as effectively.

Soil properties also can determine sensitivity to acidification; for
example, Cleaves and others (1970) determined that a thick soil cover at
Pond Branch in western Maryland provided weatherable minerals for
neutralization of acid rain. Johnson and others (1981) and Johnson and
Reuss (1984) demonstrated that the ability of soils to neutralize acidity
also may be related to the capacity of a particular soil to adsorb sulfate!
from the soil solution. Lastly, hydrologic factors may be important; for
example, increased residence time of water in the soil zone may enhance the
ability of the soil to neutralize acidity through processes such as sulfate
adsorption or mineral weathering (Lynch and others, 1986).

A number of researchers have noted that acid rain can increase leaching
of aluminum from soils (Cronan and Schofield, 1979); this aluminum may be
transported into springs, lakes, and ground water. Aluminum in its ionic
form may be toxic to fish at concentrations as small as 200 upg/L (micrograms
per liter) (Driscoll and others, 1980; Schofield and Trojnar, 1980), and
large aluminum concentrations in soil solution can adversely affect tree
growth (Ulrich and others, 1980).

Most watershed studies of natural and acid-rain-induced processes have
been located in mountainous ecosystems or in lowland areas with crystalline
bedrock; relatively little is known about natural watershed processes in
coastal-plain ecosystems or about the potential effects of acid rain on
these ecosystems. In general, studies of coastal plain areas usually are
not suitable for the small-watershed approach as defined by Likens and
others (1977) because of the difficulty of identifying a coastal-plain
watershed underlain by impermeable rock that contributes virtually no ground
water to the hydrologic system. In order to improve an understanding of
hydrogeochemical processes in the Coastal Plain, the U.S. Geological Survey
(USGS) began, in 1983, an intensive watershed study at McDonalds Branch
basin, a small watershed in the Pinelands region of the New Jersey Coastal
Plain. McDonalds Branch basin contains freshwater wetlands, is located in a
ground-water-recharge area, and overlies unconsolidated, highly weathered
sands with interbedded clays, rather than crystalline bedrock. Although the
small-watershed approach of other researchers could not be applied at
McDonalds Branch basin because of the complexity of the ground-water-flow
regime, a network of wells permitted qualitative analysis of the ground-
water component of the hydrologic cycle.

1 In this report, dissolved species are referred to by the element or
compound name; for example,_,calcium and sulfate. Specific ionic forms are
identified--for example, A1” . TIonic hydrogen (commonly referred to as
hydronium ion (H,0 )) is referred to as hydrogen ion to distinguish this
form from hydrogén in gaseous form.
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The USGS studies at McDonalds Branch basin were prompted, in part, by
the importance of the Pinelands area as a major east-coast freshwater
reserve and by uncertainty concerning the potential susceptibility of the
area to the deleterious effects of acid rain. The Pinelands region receives
acidic precipitation (pH generally < 4.5) and may be especially susceptible
to acidification because the soils and the underlying sands have relatively
few weatherable silicate minerals such as clays and, therefore, minimal
buffering capacities. Several researchers have conducted statistical
analyses of long-term stream-chemistry data from the Pinelands; results of
their studies have led to conflicting conclusions about the trends in
acidity. Johnson (1979a, b) concluded that the acidity of surface waters
had increased (pH had decreased) since the 1960’s, and he attributed this
increase to acid rain. In contrast, Smith and Alexander (1983) and Morgan
(1984) concluded that the acidity of surface waters had not changed at one
site (McDonalds Branch), and Morgan (1984) concluded that acidity had
indicated first an upward trend and then a downward trend at a second site
(Oyster Creek). A study by the National Research Council (1986) indicated
no trend in pH or in concentrations of alkalinity or sulfate at McDonalds
Branch. These conflicting conclusions are partly related to differences in
the methods used to study chemical trends over time; however, the complex
hydrology and geochemistry of the Pinelands may complicate the
identification of long-term trends. As Morgan (1984) suggested, a number of
natural and anthropogenic processes may be working together to govern the
chemistry, and particularly the acidity, of streams in the Pinelands.

The presence of freshwater wetlands in the Pinelands undoubtedly
contribute to the hydrologic and geochemical complexity of the watersheds of
this area. As Gorham and others (1984) indicated, the vulnerability of bogs
and fens to the effects of acid rain is unknown; these authors identified a
number of processes that might serve to control alkalinity or buffering in
wetlands and to complicate the identification of acid-rain effects. Certain
species of Sphagnum mosses, particularly the hummock-forming species (for
example, S. magellanicum and S. fuscum) can acidify surrounding waters, and
the effects of these species, therefore, must be taken into consideration in
determining the effects of acid rain. Nitrification, oxidation of hydrogen
sulfide (H,S), and pyrite oxidation also can increase acidity of wetland
waters. Processes that may decrease acidity of wetland waters include
weathering reactions, cation exchange in which hydrogen ions are consumed
and replaced by other cations, anion exchange, denitrification, and sulfate
reduction. Aluminum hydroxides also can act as buffers in the pH range of 4
to 5 in waters that receive drainage from mineral soils (Johannessen, 1980).

Gorham and others (1984) also stressed the potential importance of
hydrology in controlling wetland acidification. For example, the authors
suggested that sulfate reduction in wetlands could be followed by re-
oxidation when the water table declines seasonally, as a result of drainage
for water use, and (or) drought. Such oxidation would lead to the release
of acidity into wetland waters.

In subsequent USGS studies, a modification of the small-watershed
approach was applied to a watershed in the New Jersey Pinelands. The
studies were designed to improve the understanding of hydrogeochemical
processes in a coastal-plain setting that contains freshwater wetlands and
to serve as a foundation for any future, detailed or long-term research on



the potential effects of acid rain on the freshwater resources of the
Pinelands. Researchers focused on identification of the factors controlling
variability in surface- and ground-water chemistry and on the effects of
hydrology on surface-water chemistry. The studies were conducted in
cooperation with the New Jersey Department of Environmental Protection

and Energy.

Purpose and Scope

This report describes the spatial and temporal variability in the
chemical constituents of surface and ground water in a small watershed in
the Pinelands and discusses the complex hydrologic and geochemical processes
thought to contribute to the variability associated with the freshwater
wetlands within the basin.

The report presents hydrologic measurements (precipitation amounts,
stream stage and discharge, and water-table altitudes) and water-quality
data (from analysis of samples of bulk and wet precipitation, surface water,
and ground water) collected as part of a 1986-88 study by the USGS at
McDonalds Branch basin. The data from this study are examined, along with
previously published results from other USGS investigations in the basin as
follows: (1) hydrologic measurements (precipitation volumes, stream stage
and discharge, and water-table altitudes), and data on quality of
precipitation, throughfall, surface water, and ground water collected during
an intensive 1983-86 USGS study at McDonalds Branch basin (Lord and others,
1990); and (2) surface-water-quality and discharge data collected at the
USGS Hydrologic Benchmark station in the basin (Bauersfeld and others,
1987).

Previous Investigations

Previous investigations at McDonalds Branch provide a basis for current
hydrogeochemical research, including work by Rhodehamel (1970, 1979b) on
hydrology, by Swanson (1979), Turner (1983), and Turner and others (1985a
and 1985b) on trace-element geochemistry, by Markley (1955) on soils, by
McCormick (1955) on vegetation, by Madsen and others (1986) on biochemical
processes, and by Wang (1984) on the relation of fire and nutrient dynamics.
Additionally, the USGS has collected streamflow and water-quality data at
McDonalds Branch since 1953 and 1963, respectively, as part of the
nationwide Hydrologic Benchmark Network. This record has been utilized by a
number of researchers (Johnson, 1979a and 1979b; Smith and Alexander, 1983;
Morgan, 1984; and National Research Council, 1986) in studies of long-term
trends in acidification of surface waters, and served as an invaluable data
base for designing the investigations described here. Lastly, McDonalds
Branch is the focus of ongoing research not only by the USGS but by various
universities, as well. Recent studies include investigations of sulfate
reduction in peat at the McDonalds Branch cedar swamp by researchers at
Rutgers University (Spratt and others, 1987), and studies of colloid
mobilization in ground waters by researchers at the Massachusetts Institute
of Technology (Ryan and Gschwend, 1990).

Relations among cations and anions in surface and ground waters, and
variations in surface- and ground-water chemistry with factors such as
location within the basin, stream discharge, and altitude of the water



table, are used to investigate the hydrogeochemical controls on the
components of acidity. Weight and equivalent ratios of selected ions (ion
ratios) to chloride are used to investigate the cycling of chemical
components within the basin. Sulfur cycling, iron geochemistry, aluminum
geochemistry, and natural organic geochemistry are described in detail
because of their significant contributions to the acidity of basin waters.
Results of field fractionations of dissolved aluminum in surface-, ground-,
and soil-water samples done during October 1987 also are presented.
Additionally, spring and fall surface-water chemistry from a drought year
(1985) are compared with spring and fall surface-water chemistry from a year
with average precipitation (1987) to determine the effects of a summer
drought on the surface water and ground water of the basin. Lastly, a
preliminary conceptual model of basin hydrogeochemistry is presented.
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DESCRIPTION OF STUDY AREA
location

McDonalds Branch basin, a small (2.35-mi? (square mile)) forested
watershed located in Lebanon State Forest, about 20 mi (miles) from the
coast, was chosen as the study area (fig. 1). The basin is located just to
the west of the main surface-water drainage divide in the Pinelands and
contains a single first-order stream--McDonalds Branch. McDonalds Branch
flows into Rancocas Creek, a tributary to the Delaware River. Physiographic
relief in the basin is low, with elevations ranging from about 200 ft (feet)
above sea level in the southeastern corner to about 120 ft in the
northwestern corner, where the stream flows out of the basin (fig. 1). As
noted by Bacho (1955), the McDonalds Branch watershed contains several
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upland swamps separated from the stream channel; the swamps appear to result
from the perching of ground water by clay layers that underlie these upland
hollows.

A number of factors make McDonalds Branch basin an excellent location
for the study of hydrogeochemical processes in the Pinelands. Although
small, the basin contains many of the diverse plant communities and soil
types that characterize the Pinelands as a whole. Hardwood swamps and cedar
swamps are present, along with the ubiquitous mixed pine and oak forests of
the Pinelands. Development in the basin is minimal; activities are limited
mostly to hunting and scientific investigations. The area contains several
unpaved roads and one paved road that are not salted during the winter, so
that the complicating factor of road-salt input does not have to be taken
into consideration in calculating ion budgets for the basin.

The geology, hydrology, soils, and vegetation at McDonalds Branch basin
are summarized in subsequent sections and are related to the characteristics
of the Pinelands in general. Detailed information on these topics,
including appropriate maps, is available in Lord and others (1990).

Geology

The geology of McDonalds Branch basin is dominated by the Cohansey Sand,
a northern Atlantic Coastal Plain sedimentary unit consisting of
unconsolidated, highly weathered sand and gravel of Miocene age (Rhodehamel,
1979a), which is underlain by the Kirkwood Formation (Knapp, 1904) of middle
Miocene age (Rhodehamel, 1979a). In the region of McDonalds Branch basin,
the Cohansey Sand is believed to be of deltaic origin (Owens and Sohl, 1969)
and is approximately 100 ft thick (Rhodehamel, 1979a, fig. 3, p. 49).
According to Rhodehamel (1979a, p. 47), the Cohansey Sand is lithologically
variable, but is "predominantly a yellow, limonitic (mostly goethitic)
quartz sand containing minor amounts of pebbly sand, fine to coarse sand,
silty and clayey sand, and interbedded clay." Small quantities of weathered
feldspar, chert, and vein quartz are present, along with rounded ironstone
pebbles. Muscovite, detrital lignite, and ilmenite also are present in some
areas (Rhodehamel, 1979b). Means and others (1981, p. 2) described iron-
oxide stains and cements in the Cohansey Sand and in the underlying Kirkwood
Formation. 1In the present study, iron-cemented sediments were observed
during well drilling at McDonalds Branch. Well logs and geophysical surveys
within the basin also revealed a number of clay lenses of variable thickness
and extent within the Cohansey Sand. The lenses are composed primarily of
fine-grained quartz, kaolinite, and illite (Lord and others, 1990), and may
have important effects on the hydrology and geochemistry of the basin by
altering flow paths and by providing a source of clay minerals for ion-
exchange or other reactions (Lord and others, 1986).

In some upland parts of the basin, the Cohansey Sand is unconformably
overlain by the more resistant Beacon Hill Gravel of Miocene age (Owens and
Minard, 1975). The Beacon Hill Gravel was deposited by fluvial processes,
and consists of coarse-grained sand and gravel, with pebbles of vein quartz,
quartzite, and fossiliferous chert (Minard, 1966). Alluvial deposits of
late Tertiary age consisting of reddish- to yellowish-brown quartz sand
eroded from the Cohansey Sand are present in lowland parts of the basin
(J.P. Owens, U.S. Geological Survey, oral commun., 1986). Quaternary



alluvial and eolian deposits are scattered throughout the basin (Owens and
Minard, 1975; Rhodehamel, 1979a), and dark brown Quaternary organic deposits
line streams and undrained depressions (E.C. Rhodehamel, U.S. Geological
Survey, written commun., 1965).

Hydrology

The Pinelands have a humid and temperate climate that is mostly
continental (Markley, 1971). During the summer and early fall, however,
maritime air masses often dominate because of the presence of the Bermuda
high over the Atlantic Ocean (Havens, 1979). The average annual
precipitation to the Pinelands, on the basis of data collected during 1951-
80 at Pemberton is 45.8 in. (inches); the largest average monthly
precipitation, 5.3 in., occurs in August, and the smallest average monthly
precipitation, 3.1 in., occurs in February (National Oceanic and Atmospheric
Administration, 1982).

The Pinelands area is underlain by the Kirkwood-Cohansey aquifer system,
which consists of discontinuous Quaternary and late Tertiary deposits, the
areally extensive Cohansey Sand, and the underlying Kirkwood Formation. In
much of the aquifer system, ground water moves along short flow paths and
discharges to small streams; however, according to Rhodehamel (1979b),
precipitation on the upland areas of the Pinelands, such as McDonalds Branch
basin, percolates through the sandy soil and geologic materials and
recharges the deep regional ground-water flow system. This deep regional
system discharges to streams in lower-lying basins along the periphery of
the Pinelands.

Rhodehamel (1970 and 1979b) did the most comprehensive investigation to
date of the surface- and ground-water hydrology of the Pinelands. On the
basis of data collected during 1931-64, he calculated a long-term annual
hydrologic budget for the region by means of the equation P = R + ET, where
the average precipitation (P) is 45 in., the average stream runoff (R) is
22.5 in., and the average evapotranspiration (ET), estimated from the
difference between P and R, is 22.5 in. (Rhodehamel, 1970, p. 1). Studies
by Rhodehamel indicate that the calculation of hydrologic and chemical
input/output budgets at McDonalds Branch should include possible water loss
from the basin in the form of ground-water recharge. Rhodehamel (1979b,

p. 161) also noted that ground-water discharge constitutes, on average,
89 percent of total annual discharge of streams in the Pinelands.

Bauersfeld and others (1987) report an average annual discharge at
McDonalds Branch of 13.06 in. per year (2.26 cubic feet per second), on the
basis of data collected during 1953-86.

Soils and Vegetation

The soils of the Pinelands are characteristically acidic, with surface
(A horizon) pH ranging from 3.6 to 4.0 and subsoil (B horizon) and
substratum (C horizon) pH ranging from 4.2 to 5.0, with an average (for B
and C horizons) of about 4.6 reported by Markley (1979, p. 81). The
drainage properties of soils in the Pinelands differ greatly; excessively
drained, extensively leached Quartzipsamments and Hapludults are found in
upland regions, and very poorly drained Haplaquods, muck and peat are found



in lowlands and undrained depressions. Markley (1979) listed 13 major soil
series of the Pinelands, 7 of which have been identified at McDonalds Branch
basin. Listed according to drainage characteristics, from excessively
drained to very poorly drained, the soils in the basin include the
following: Lakewood, Evesboro, Downer, Lakehurst, Atsion, Berryland, and
Muck.

Lord and others (1990, table 2, p. 13) presented results of chemical
analyses of mineral soil horizons of Atsion (E, Bh, and G horizons),
Lakehurst (E, Bh, and C horizons), Lakewood (E, B, and C horizons), and
Evesboro (A2 and C horizons) soils based on samples collected at McDonalds
Branch basin. Analyses were not done on the upper organic horizon. The
soils were very acidic, having pH values (in calcium chloride) ranging from
3.4 to 4.6; cation-exchange capacities were minimal. In Atsion, Lakehurst,
and Lakewood soils, percent organic matter, cation-exchange capacity, and
exchangeable aluminum were minimal in the greatly leached E horizon; the
presence of a leached E horizon was evidence of podzolization. Exchangeable
aluminum concentrations ranged from <1 to 11 pg/g (micrograms per gram) in
the E horizon, from 58 to 397 upg/g in the B or Bh horizon, and from 12 to 91
pg/g in the C horizon of these soils. In the Evesboro soil, exchangeable
aluminum decreased from 31 pug/g in the A2 horizon to 26 ug/g in the C
horizon.

According to Douglas and Trela (1979), the sand fractions of Pinelands
soils are dominated by quartz (greater than 90 percent), with small to trace
quantities of feldspars, heavy minerals (most commonly ilmenite and
leucoxene), and muscovite. Silt-size particles also are dominated by
quartz; some feldspars, micas, and heavy minerals are present. Limonite
occurs as silt-size grains or as coatings on other grains (Douglas and
Trela, 1979). Lord and others (1990) described the mineralogy of clay/fine-
silt fractions of Lakehurst, Lakewood, Atsion, and Evesboro soils in the
McDonalds Branch basin. Kaolinite and quartz were abundant in most soils;
illite, chlorite, aluminum-interlayered montmorillonite, aluminum-
interlayered vermiculite, and small to trace quantities of gibbsite also
were reported. (See Lord and others, 1990, table 4, p. 16.)

The distribution of the soil series and of the plant communities that
they support is determined largely by topographic location. Evesboro,
Downer, and Lakewood soils occur in upland areas and support mixed pine and
oak forests and an understory that includes scrub oak, black huckleberry,
and lowbush blueberry (McCormick, 1979). The Lakewood is the most extensive
of the upland soils and is a Spodic Quartzipsamment distinguishable by a
bleached gray surface horizon (Markley, 1979). The Lakehurst soil occurs in
somewhat lower locations, where the water table fluctuates seasonally and
may rise as high as 2 ft below land surface (Markley, 1971). The Lakehurst
s0il supports pitch pine, along with several species of oak (Markley, 1979).
Atsion and Berryland soils occupy lowland and wetland regions of the basin,
where the water table is at or near the land surface during winter and
spring (Markley, 1979). These soils typically support pitch pine, red
maple, and black gum (Markley, 1979), along with an understory containing
blueberry. Muck soils line large parts of the McDonalds Branch stream
channel and are described by Markley (1979, p. 91) as "moderately deep, very
poorly drained, highly organic soils over a sandy substratum."
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The stream channel at McDonalds Branch basin may be divided into three
zones based, in part, on vegetation (fig. 2). The upper portion of the
stream passes through a broadleaf (hardwood) swamp containing such species
as red maples and black gums. The stream then passes into an intermittently
ponded section, designated the open-channel area, bordered by various
shrubs, and finally flows out of the basin through an Atlantic white cedar
(Chamaecyparis thyoides) swamp. Sphagnum mosses are present in all three of
these zones.

DATA COLLECTION, ANALYTICAL METHODS, AND QUALITY ASSURANCE

During 1984-88, studies conducted at McDonalds Branch basin included the
collection of hydrologic and water-quality data. Field fractionation of
aluminum in basin waters was carried out in 1987. Descriptions of the
sampling network, analytical methods, and quality-assurance procedures are
presented subsequently.

Collection of Hydrologic and Water-Quality Data

During 1984-85, a network of water-quality (wet and bulk precipitation,
throughfall, surface water, soil water, and ground water) and hydrologic
(precipitation volumes, stream stage and discharge, and water-table
altitude) data-collection sites was established by the U.S. Geological
Survey in McDonalds Branch basin. The sites were sampled as part of an
intensive 1985-86 hydrogeochemical study in the basin. The site locations,
the hydrologic-measurement techniques, the water-quality sampling and
analytical protocols, and the resulting data are presented in a report by
Lord and others (1990). 1In preparation for this study, water-quality
sampling at the hydrologic benchmark station (01466500, coincident with site
S-10, this study) at McDonalds Branch was increased from its normally
sporadic schedule to approximately once per month beginning in April 1984.
Sampling protocol for the benchmark station is presented in Bauersfeld and
others (1987).

Monthly collection of surface-water samples at the Hydrologic Benchmark
station was continued in 1986, but the other sampling had to be curtailed by
the spring of 1986. 1In December 1986, sampling of wet and bulk precipita-
tion (PPT-1WC, PPT-1BC), upstream surface water (S-1), and ground water
(QWC-1A, QWH1A, QWH-4A, QWO-3A) was resumed at a limited number of sites
(see figure 2, table 1, and Appendix I). 1In general, the field and
analytical procedures used were identical to those described by Lord and
others (1990). However, in order to comply with U.S. Environmental
Protection Agency (USEPA) protocols (Illinois State Water Survey, 1986) and
to prevent possible sample contamination, the precipitation collection
equipment was not leached with hydrochloric acid -(HCl) before each use as
Lord and others (1990) had done. Instead, sample collection equipment was
cleaned with phosphate-free detergent, rinsed repeatedly with deionized
water, and then leached overnight with deionized water. The specific
conductance of the deionized water leachate was measured as a check on
possible contamination.
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Table 1.--Summar§ of collection and analysis of water-quality samples from McDonalds Branch basin,
ovember 24, throu une

[NJDEPE lab, New Jersey Department of Environmental Protection and Energy Laboratory; sc, specific
conductance; NWOL, U.S. Geological Survay National Water Quality Laboratory; major cations are

calcium, magnasium, sodium, potassium; anions are sulfate, chloride, fluoride, bromide; nutrients
are ammonium, nitrate, and phosphate; T, temperature; DQ, dissolved oxygen; DOC, dissolved organic

carbon]
Water-sample Number of Frequency
type sites of sampling Analyses performed

Wet precipitation 1 Collected weekly, NJDEPE lab--pH, sc, . . L.
Comgosited monthly  NWQL--pH, sc, major cations and anions, alkalinity,
12/02/86-12/04/87 and nutrients

Bulk precipitation 1 Collected weekly, NJDEPE lab--pH, sc . .
c sited monthly NWQAL--pH, sc, major cations and anions,
12/02/86-11/24/87 alkalinity, nutrients

Surface water 2 Monthl; Field characteristics--T, pH, sc, DO .
11/25/86-06/28/88 NWOL--pH, sc, major cations and anions, alkalinity,

nutrients, aluminum, iron, manganese, silica, DOC
Ground water 4 wells® Ever; other month Field characteristics--T, pH, sc, DO
11/25/86-06/01/88 NWQL--pH, sc, major cations and anions,

alkalinity, nutrients, aluminum, iron, manganese,
silica, DOC

8 the four well sites are QWC-1A, QWH-1A, QWH-4A, and QWO-3A.
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Field Fractionation of Aluminum

Field fractionations of aluminum were done on samples of surface water
(from sites S-1, S-5, and S-10), soil water (from O, A, and B horizons
sampled from a cluster of gravity lysimeters at Pit 8 in the Atsion soil
series), and ground water (from sites QWH-8A, QWO-2A, QWO-3A, and QWO-2B)
immediately following collection at McDonalds Branch basin on October 13-14,
1987. (Locations of sampling sites are shown in fig. 2.) The fractionation
protocol used was based on the Albios field sampling protocol developed by
Cronan and Schofield (1985), and was a modification of the procedure
developed by Driscoll (1984).

The method developed by Driscoll (1984) partitions the total reactive
aluminum in a water sample into three fractions. These fractions are: (1)
labile monomeric aluminum, which includes aquo aluminum and inorganic
complexes of aluminum with hydroxyl ion (OH-), fluoride, and sulfate; (2)
non-labile monomeric aluminum, which includes monomeric alumino-organic
complexes; and (3) acid-soluble aluminum, which includes colloidal polymeric
aluminum or very strong alumino-organic complexes. Cronan and Schofield
(1985) modified the Driscoll method by the addition of another fraction,
total organic aluminum.

In this report, the fractions are referred to by the following acronyms,
as shown in the table below: (1) TAL refers to total reactive aluminum; (2)
TOAL refers to total organic aluminum; (3) MAL refers to total monomeric
aluminum, which includes labile and non-labile monomeric forms (fractions 1
and 2, above; (4) MOAL refers to organic monomeric aluminum (fraction 2,
above); (5) MIAL refers to inorganic monomeric aluminum (MAL-MOAL) (fraction
1, above); (6) TIAL refers to total inorganic aluminum, calculated from TAL-
TOAL; and (7) acid-soluble aluminum (Driscoll’s fraction 3, above) can be
calculated from TAL-MAL.

acid-soluble aluminum
(colloidal polymeric and very
strong alumino-organic complexes)

inorganic non-labile, organic
monomeric monomeric aluminum
aluminum

total inorganic total organic aluminum
aluminum

All samples were filtered through 0.45-um (micrometer) Gelman? filters,
prior to any additional treatment. Separate samples from one surface-water
site (S-10) and two ground-water sites (QWH-1lA and QWO-3A) also were
filtered through 0.2-um filters.

2 The use of trade names is for identification purposes only, and does not
constitute endorsement by the U.S. Geological Survey.
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Total reactive aluminum (TAL) was defined by acidification of sample
solutions using addition of phenanthroline and hydroxylamine-hydrochloride
in the method of Barnes (1975).

Monomeric forms of aluminum (total monomeric (MAL)), and organic
monomeric (MOAL)) were isolated by addition of a complexing agent (8-
hydroxyquinoline), followed by rapid extraction in an organic solvent
(methyl isobutyl ketone, MIBK). Sample pH was buffered at approximately 8
by addition of ammonium acetate (NH,Ac). Organic monomeric forms (MOAL)
were separated from inorganic forms (MIAL) by passing an aliquot of sample
through a cation exchange column with a pH similar to the original sample
pH. In this study, the cation exchange resin Rexyn 101 was used, as called
for in the protocol by Cronan and Schofield (1985). Columns of pH 4.0 and
4.5 were set up, and the pH of samples passing through the columns was
monitored. Concentrations of labile (inorganic) monomeric aluminum (MIAL)
were estimated as the difference between total monomeric aluminum (MAL) and
nonlabile monomeric aluminum (MAL-MOAL).

Total organic aluminum (TOAL) was separated by passing sample solution
through a cation exchange column containing Rexyn 101 resin and then adding
phenanthroline and hydroxylamine-hydrochloride.

For samples collected from water that normally had large concentrations
of aluminum, separate subsamples were prepared for monomeric fractions by
first diluting the samples to one half their original concentrations by
using deionized water.

All samples were sent to the Syracuse University Laboratory of Dr.
Charles Driscoll for aluminum analysis by graphite-furnace atomic-absorption
(AA) spectrometry. A Langmuir regression program was used to calculate
sample concentrations based on standard concentrations.

Quality Assurance of Analvtical Data

Quality assurance of inorganic and DOC analyses was performed in
accordance with the protocol described by Lord and others (1990).

For the October 1987 aluminum fractionations, quality assurance included
the preparation of duplicate samples for analysis whereby separate samples
collected at some of the sites were carried through the entire fractionation
procedure, and a single sample was fractionated into subsamples for
replicate analysis. Additionally, sample blanks (deionized water) as well
the following sample standards underwent the various procedures: 0.1 ppm
(parts per million) aluminum + 0.1 ppm iron, 1.0 ppm aluminum, 1.0 ppm
aluminum + 1.0 ppm iron, 3.0 ppm aluminum and 3.0 ppm aluminum + 3.0 ppm
iron. The aluminum AA analyses were performed with three injections per
sample.

For samples collected at the hydrologic benchmark station in the cedar
swamp at McDonalds Branch, cation-anion balances were calculated and samples
for which balance errors exceeded 15 percent were deleted from the data set.
Approximately 16 percent of benchmark samples collected from April 1984
through June 1988 failed to pass this cation-anion balance test; the
imbalances were caused by an excess of anions over cations and were deleted
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from the data set. The excess of anions probably resulted from an
overestimation of the concentrations of sulfate in samples with large
concentrations of DOC. Benchmark samples were analyzed for sulfate by a
turbidimetric method that could produce incorrect results for colored
waters. Other samples collected in the basin were analyzed for sulfate by
ion chromatography (IC) and did not appear to have a similar problem.

HYDROLOGIC SETTING
In the subsequent sections, the components of the water budget are
described, followed by estimated water budgets for 2 study years. Ground-

water/surface-water relations in the basin also are described.

Components of the Water Budget

As Likens and others (1977) demonstrated in their classic study at the
Hubbard Brook Experimental Forest, the calculation of yearly water budgets
is an important part of any watershed study. Water budgets provide valuable
information on the movement of water into and out of the basin and, hence,
on the cycling of dissolved chemical constituents.

Yearly water budgets for McDonalds Branch basin may be represented in
detail by the following equation:
+/- dSTS,

P = SW+ ET +/- GW +/- dSTgw +/- dST__

where P is the precipitation input to the basin,
SW is the surface-water discharge,
ET is the evapotranspiration,
GW is the volume of ground-water discharge,
dsT w is the change in ground-water storage in the basin
& (+ is an increase in storage, - is a decrease),
dST_ __ is the change in surface-water storage in the basin, and
ds : is the change in soil-water storage in the basin.

The various components of the water budget then are described, followed
by estimated simplified water budgets for each of 2 study years--February 1,
1985, through January 31, 1986, and February 1, 1987, through January 31,
1988, because the study years were chosen on the basis of the availability
of precipitation data for the basin, conditions during these years may not
be representative of long-term hydrologic conditions.

Precipitation

In 1985-86, precipitation volumes were recorded with two Belfort event-
recording raingages connected to wet/dry collectors (PPT-1WC and PPT-2W)
located at approximately opposite ends of the basin, as shown in figure 2.
From February 1, 1985, through January 31, 1986, precipitation totaled 37.9
in. (inches) at site PPT-1WC. Data were not collected at site PPT-2W for 17
days in December 1985 because the collector was dismantled for safety
reasons before the hunting season. The annual precipitation for the two
sites, therefore, could not be compared directly; however, for the
remainder of the year, precipitation at site PPT-2W was 1.6 in. less than
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precipitation at site PPT-1WC. From February 1, 1987, through January 31,
1988, precipitation volumes were recorded at only one site, PPT-1WC.
Precipitation totaled 45.0 in. over this time period.

The closest sites for comparison of precipitation volumes with a long-
term record are the National Oceanic and Atmospheric Administration (NOAA)
sites at Pemberton (39°58' N, 74°38' W) and at Indian Mills (39°48' N,
74°47' W). Over the course of the 2 study years, monthly precipitation
volumes at McDonalds Branch compared most closely with monthly precipitation
volumes at Indian Mills--within 0.1 in. During 1951-80, the mean yearly
precipitation at Indian Mills was 45.01 in. (National Oceanic and
Atmospheric Administration, 1982). From February 1, 1985, through January
31, 1986, precipitation at McDonalds Branch totaled 7.1 in. less than this
mean value, and from February 1, 1987, through January 31, 1988,
precipitation was equal to the mean.

The small precipitation volumes in 1985 were caused by a spring and
summer drought that was broken by Hurricane Gloria at the end of September
(fig. 3). Monthly precipitation volumes fluctuated widely during the fall
and winter. The summer of 1987 was fairly wet, but precipitation over the
entire year was "normal" in that the total volume was equal to the mean
volume for the area. Data in figure 4 show the cumulative monthly
precipitation for the 2 study years, as compared with mean values for 1951-
80 at Indian Mills. The variation in precipitation volumes for the 2 years
is evident in this figure.

Evapotranspiration

Evapotranspiration is a difficult quantity to measure and can be an
important source of error in water-budget calculations. Likens and others
(1977) estimated evapotranspiration at the Hubbard Brook Experimental Forest
as the difference between precipitation and streamflow, assuming that the
watersheds were underlain by impermeable rock that minimized the ground-
water component of the budget, and that the other components were relatively
unimportant. At McDonalds Branch basin, evapotranspiration cannot be
assumed to be the difference between precipitation and streamflow because
ground water (which is a large component of streamflow) flows out of the
basin in deeper flow subsystems and discharges to stream channels in other
areas. The contribution of evapotranspiration to the yearly water budgets,
therefore, can only be estimated from values reported in the literature.

Rhodehamel (1970, 1979b) estimated evapotranspiration as 50 percent of
precipitation based on long-term (1931-64) records of precipitation and
streamflow for the Pinelands area. More recently, Wang (1984) estimated
evapotranspiration rates at McDonalds Branch basin by using a complex
hydrologic model. He estimated that evapotranspiration was 45 percent of
annual precipitation for 1978-79, 59 percent for 1979-80, and 58 percent for
1980-81. Recent estimates also were made by Johnston (1986), who calculated
evapotranspiration rates over a 10-year interval (1959-68) for four small
basins of the nearby Delaware Coastal Plain, by use of records of
precipitation, streamflow, and ground-water levels. The 10-year averages
for the four basins ranged from 56 to 62 percent.
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Some of the variability in estimated evapotranspiration rates may result
from differences in the methods used in calculating the estimates as well as
differences in the hydrologic, geologic, topographic, and vegetational
characteristics of individual study areas. Additionally, evapotranspiration
rates may vary from year to year as the result of differences in such
factors as rainfall volume and mean daily temperature. In the budgets
calculated subsequently, the Rhodehamel (1970, 1979b) value of 50 percent is
used as a first approximation, because this value was based on the most
intensive hydrologic study conducted in the Pinelands to date (1990).
However, the inherent uncertainty of this component of the water budgets
needs to be kept in mind.

Streamflow

Streamflow represents base flow (the portion of ground-water recharge
that discharges within the basin) and direct runoff. The average yearly
surface-water discharge at McDonalds Branch is 13.06 in. per year, based on
34 years of record (Bauersfeld and others, 1987). From February 1, 1985,
through January 31, 1986, the surface-water discharge at McDonalds Branch
equaled only 6.52 inches, half of the mean annual value. From February 1,
1987, through January 31, 1988, the surface-water discharge at McDonalds
Branch equaled 12.95 in. The variations in surface-water discharge reflect
the variations in precipitation to the basin--1985 was a drought year,
whereas precipitation approximated the long-term average in 1987.

Ground-Water Discharge

According to Rhodehamel (1979b), McDonalds Branch basin is located in a
ground-water recharge area. Because the basin is located in an upland area
near the major topographic divide, it is expected that some ground-water
that is recharged within the basin flows within deeper flow subsystems and
discharges out of the basin. The volume of water leaving the basin in the
regional flow system was estimated to be approximately 3 to 5 in. of water

(Mary Martin, U.S. Geological Survey, written commun., 1988; and Martin,
1990).

Change in Surface-Water Storage

The change in surface-water storage is difficult to evaluate. During
most of the summer of 1985, the open-channel part of the stream, upstream
from the gaging station, was dry (fig. 2). However, there was water at the
hardwood swamp area, upstream from the open channel, during most of the
summer. As the fall progressed, the open channel area became filled with
water, and by February of 1986, the surface-water levels in the open-channel
area appeared to have returned to normal (February 1985 staff-gage
measurement = 126.31 in.; February 1986 staff-gage measurement = 126.33 in.;
data in Lord and others, 1990). There are several other parts of the basin
that contain standing water in the form of small bogs or fens. The water
levels in these areas were not monitored. Any change in surface-water
storage probably was small compared with other parts of the hydrologic
budget but cannot be quantified.

20



Change in Soil-Water Storage

The change in soil-water storage could not be estimated based on the
available data. However, this component of the hydrologic budget probably
is small because excessively well-drained soils predominate in the basin.

Change in Ground-Water Storage

Variations in ground-water storage (dS_ ) for a homogeneous area may be
computed with the following equation (see,g¥or example, Sokolov and Chapman,
1974) :

ds = v X dh,
gW

where v is the specific yield of the geologic materials and dh is the
average variation of ground-water level for the area. Sokolov and Chapman
(1974) give mean values of specific yield of various rock and sediment
types. For McDonalds Branch, values for v of 0.2 to 0.25 are a good
approximation, representing the range of values for medium sands.

Because changes in storage for surface water and soil water are assumed
to be small, it is therefore assumed that change in ground-water storage is
the significant balancing term in the water budget equation. From January
30, 1985, through January 23, 1986, water-level data from shallow wells
indicate that the mean decrease in water level in these wells was
approximately 0.9 ft. The water-level data were collected from wells
located near the stream, however, and do not necessarily reflect basin-wide
changes in ground-water level. It is expected that seasonal changes in
water level in upland areas near the topographic divide would be larger than
water-level changes in areas near the stream, particularly at the lowest end
of the basin. Mean change in basin-wide ground-water levels during a
drought could be as large as 2 ft or greater resulting in changes in ground-
water storage at least as large as 6 in.

Estimated Water Budgets

Data in the table below are a summary of the most important components
of the water budget for 2 years--February 1, 1985, through January 31, 1986,
and February 1, 1987, through January 31, 1988.

Components of water budget 1
Period P SW ET GW dSTgw+/- errors

2/1/85 - 1/31/86 37.9 in. = 6.5 in. + 19 in. + 4 in. + 8.4 in.
(+/- exrors) (+/- errors)

2/1/87 - 1/31/88 45.0 in. = 13.0 in. + 23 in. + 4 in. + 5 in.
(+/- errors) (+/- errors)

1 P =SW + ET + GW + residual, where Residual = dST W+/- dST___ +/- dSTS

+/- errors in estimates. The estimated value of ET a¥% contains errors’

Both dST__ and dST are considered negligible in this study. An average
. SW

value is“Used for the GW term.
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The values in this table for evapotranspiration and ground-water storage
have a large degree of uncertainty. Uncertainty in the measurements of
precipitation and surface-water discharge is less. The estimate of change
in ground-water storage in the basin includes error from uncertainty in
other values, particularly evapotranspiration.

Ground-Water/Surface-Water Relations

Investigations of ground-water/surface-water relations were conducted in
each of the three distinctive parts of the stream channel--the upstream
hardwood swamp, the open channel, and the downstream cedar swamp (fig. 2).
In each of these areas, a staff gage and a set of wells including a shallow
(A) well and a deep (B) well were installed in the stream channel as part of
the 1983-86 Geological Survey study in the basin (Lord and others, 1990).
The shallow wells at each site extended to a depth of from 5.5 to 7.9 ft
below the streambed, and the deep wells extended to a depth of from 23 to 30
ft below the streambed (see well construction details in Lord and others, ‘
1990). Water-level measurements collected from 1985 to 1988 at the shallow
and the deep wells were compared with each other and with stream-stage
measurements as a means of identifying general recharge and discharge
areas3. Additionally, streambed piezometer studies were conducted at a
number of sites in the spring and fall 1987. Results of these studies
indicated that the three parts of the stream channel were characterized by
differing ground-water/surface-water relations.

Wells QWH-1A and QWH-1B and staff gage SG-H were located in the hardwood
swamp in the upstream part of the basin (fig. 2). For the two sampling
periods from January 30, 1985, through May 21, 1986, and November 25, 1986,
through March 29, 1988, water-level measurements indicated that the head at
the shallow (A) well consistently was from 1 to 6 in. higher than the head
at the deep (B) well. Staff-gage measurements could not be made in July,
August, and November 1986 because the stream was nearly dry near the staff
gage in the hardwood swamp on these dates. Measurements that were made
during other months indicated that stream stage generally was from 0.11 to
0.34 ft above the head in the A well. The only exception to this relation
was in November 1986, when the stage was 0.24 ft below the head of the A
well. On the basis of these relations, water from the upstream part of the
channel appeared to be draining to the shallow ground-water system; however,
flow in a vertical direction is retarded by relatively impermeable materials
beneath the swamp.

In October 1987, a bed-piezometer survey was done in the hardwood swamp.
Relative stream and shallow ground-water heads were measured at six
locations upstream from wells QWH-1lA and QWH-1B to a distance of 1,735 ft
upstream and at a seventh location near the wells. The survey determined
that ground-water heads were equal to or lower than the heads in the stream.

3 Water-level measurements from October 24, 1984, to May 21, 1986, are
available in Lord and others, (1990):; water-level measurements from November
26, 1986, to June 1, 1988, are included in Appendix E of this report.
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Although the stream in the hardwood swamp appears to drain to the
shallow ground water, movement of water may be impeded as a result of the
impermeable nature of the muck material that underlies the stream. Clay
lenses also may impede or redirect water movement. The water present in the
hardwood swamp probably comes from a number of sources, including direct
precipitation on the stream channel, overland flow from elevated areas
surrounding the hardwood swamp, streamflow from intermittent tributaries
draining upland areas, and subsurface stormflow. In the fall of 1987, a
field trip to the hardwood swamp was taken following a major storm. Water
was observed in several tributaries leading into the swamp, and water could
be seen pouring out of the streambank above the level of the stream. Such
shallow stormflow may be prevented from entering the ground-water system by
shallow clay layers that have been detected in well logs from the hardwood
section of the basin,

Wells QWO-1A and QWO-1B and staff gage SG-OC were located in the open-
channel area downstream from the hardwood swamp (fig. 2). For the two
sampling periods from February 4, 1985, to May 21, 1986, and November 25,
1986, to March 30, 1988, monthly water-level measurements indicated that the
head at the shallow (A) well generally was slightly higher than the head at
the deep (B) well, although in April and May 1985, the head at the B well
generally was higher. The head in the A well briefly rose above that of the
B well following more than 1 in. of precipitation in early May.

During the first period of sampling, stage measurements could not be
made from May 9, 1985, to January 23, 1986, because the stream channel
either was dry or had little water. This drying up of the open channel was
a result of drought conditions during the spring and summer of 1985. For
the months when measurements could be made, the stream stage varied from
0.29 to 1.06 ft above the head in the A well. During the second period of
sampling, staff-gage measurements were made on a monthly basis from July 30,
1987, to March 29, 1988, and stream stage varied from 0.16 ft to 0.83 ft
above the head in the A well.

The stream in the open channel area generally appeared to be draining to
the shallow ground-water system, although water-table maps suggested that
the stream might be receiving ground-water discharge during at least some
months of the year. Water-level measurements from additional wells in the
area indicate that shallow ground-water flow is approximately perpendicular
to the channel in this part of the basin, from east to west. 1In order to
provide further insight into the ground-water/surface-water relations at the
open channel, a bed-piezometer survey was undertaken in October 1987. Two
sections were taken, one located about 1,200 ft upstream from wells QWO-1A
and QWO-1B and the second at the site of the two wells (fig. 2). The more
upstream section indicated that ground water was discharging to the stream
on the east bank (4+0.02 difference in head); there was a zero difference in
head on the west bank. The second section indicated potential loss across
the channel with a difference in head of approximately -0.5 ft from east to
west. In the open-channel area, the vertical component of ground-water flow
appears to vary through space and time. These variations can be extreme
enough to change the area from a pond to a dry bed over the course of a few
months,
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Wells QWC-1A and QWC-1B and staff gage SG-CQ are located in the cedar
swamp, downstream from the open channel and upstream from the gaging
station. For the two sampling periods from February 7, 1985, to March 21,
1986, and November 26, 1986, to June 1, 1988, the difference in head at the
two wells was slight, and the relation between the heads varied. During the
first period of sampling, stage measurements could be made only twice--
February 26, 1986, and March 21, 1986, --because of dry conditions. Stream
stage on these dates was 0.05 ft and 0.23 ft below the head in the A well,
respectively. During the second period of sampling, stream stage began at
2.24 ft above the head in the A well on November 26, 1986, and decreased to
0.21 ft below the head in.the A well on March 30, 1988, and 0.04 ft below
the head in the A well on June 1, 1988. This change in relation between the
stream stage and the ground-water head reflected decreasing precipitation
that coincided with the start of a drought in 1988. Overall, the stream at
the cedar swamp, upstream from the gaging station, appears to receive
ground-water discharge during periods of drought when flow in the stream is
low, and to drain to the ground-water system during periods of greater
rainfall and higher flow. Ground-water discharge to the stream probably
originates as precipitation in upland parts of the basin, although sources
such as deeper ground water or lateral flow from adjacent basins cannot be
discounted at this time.

WATER QUALITY

Results of investigations of precipitation, throughfall, surface-water,
and ground-water quality are described in subsequent sectioms.

Precipitation Chemistryvy

The volume-weighted mean concentrations of cations and anions in wet and
bulk precipitation in McDonalds Branch basin are shown in table 2. Hydrogen
ion was the predominant carrier of cationic charge in both wet and bulk
precipitation; the volume-weighted mean pH was 4.30 for wet precipitation
and 4.34 for bulk precipitation?. Sodium and ammonium also carried
substantial cationic charge in precipitation; calcium, magnesium, and
potassium were of lesser importance in this regard. The predominant anion
in wet and bulk precipitation was sulfate. Chloride and nitrate also were
substantial carriers of anionic charge in precipitation; fluoride was of
less importance. Concentrations of constituents in wet and bulk
precipitation were similar, although bulk precipitation was overall slightly
more concentrated, as reflected in the volume-weighted means of specific
conductances--28.3 uS/cm (microsiemens per centimeter at 25 degrees Celsius)
for bulk precipitation and 27.6 uS/cm for wet precipitation.

Insight into the sources of ions in precipitation is provided by
previous investigations in the Pinelands (Means and others, 1981) and in
other areas of the world (Stallard and Edmond, 1981; Galloway and others,

4 Volume-weighted mean pH was calculated by first calculating volume-
weighted mean hydrogen-ion concentrations, and then converting to pH.
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Table 2.--Volume-weighted mean concentrations of constituents in bulk and wet
precipitation at sites PPT-1BC and PPT-1WC in McDonalds Branch basin
January 24, 1985, through March 18, 1986, and December 2., 1986,

through November 24, 19871

[(mg/L, milligrams per liter; meq/L, milliequivalents per liter]

Bulk precipitation

Wet precipitation

(mg/L) (meq/L) (mg/L) (meq/L)
Cations
Hydrogen ion (H') 10 0.046 10 0.051
Calcium (Ca’h) 21 .010 .10 .005
Magnesium (Mg ') .08 .007 .06 .005
Sodium (Na') .56 ,025 A .019
Potassium (K') .09 .002 .05 .001
Ammonium (NH4+) .33 .018 .25 014
Sum of ‘cations = 0.108 meq/L Sum of cations = 0.095 meq/L
Anions
sulfate (50,°7) 2.63 .055 2.22 0.046
Chloride (Cl') .82 .023 .89 .025
Fluoride (F°) .03 .002 .03 .002
Nitrate (No3') 1.88 .030 1.59 .026
Sum of anions = 0.110 meq/L Sum of anions = 0.099 meq/L

! Precipitation volumes measured by the Belfort event-recording raingage at

site PPT-1WC were used to estimate the precipitation volumes, as actual sample
volumes had not been determined during the first few months of 1985.
analytical values reported as less than the reporting limit, the reporting

limit was used.
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1982). An excellent discussion of the state-of-the-art knowledge of ion
sources is provided by Berner and Berner (1987, p. 72), who compiled the
following "hierarchy of ions" based on the relative importance of marine and
continental sources:

c1” = Nat > Mgt > &t >Ca2+>3042’> NO, = NH, ' 5
mostly ----corcccmmcmime e >mostly
marine continental

Chloride in rain generally is caused by input from sea-salt aerosols,
although some chloride may derive from industrial pollution. Sodium and
magnesium also have a mostly marine origin, but some sodium and magnesium
may be due to forest fires, and small quantities may derive from soil dust.
Potassium and calcium are almost entirely continental in origin. Sulfate
and nitrate are mostly continental and are derived largely from the burning
of fossil fuels. Ammonium has an almost entirely continental origin and may
derive from fertilizers, biological inputs, and burning of coal.

Means and others (1981) sampled bulk precipitation in the Pinelands from
1971-72, and their work serves as a prototype for analysis of precipitation
chemistry and as a data base for comparison of current and past
precipitation chemistry in the Pinelands. The authors used ion ratios to
sodium, an ion considered to be of mostly marine origin, to determine the
relative importance of marine and continental sources of precipitation. On
the basis of these ratios, Means and others (1981) concluded that chloride
was of mostly marine origin, whereas potassium, calcium, and sulfate were of
mostly continental origin. These conclusions were substantiated by plots of
ion concentrations as compared to distance from the coast. Potassium and
calcium were determined to increase in concentration in a landward
direction, whereas chloride and sodium decreased in concentration, and
magnesium stayed approximately the same. Finally, Means and others (1981)
plotted seasonal variations in chemical constituents and compared these
variations with seasonal changes in storm patterns. Sodium and chloride
were determined to be elevated in the winter, when storms tend to move along
the coast. 1In contrast, potassium, calcium, sulfate, and nitrate were
determined to be elevated during the spring and summer, when storms tend to
move from west to east across the continent, picking up continental aerosols
and particles. Concentrations of magnesium did not indicate seasonality.

In table 3, the volume-weighted mean concentrations of major ions in wet
precipitation at McDonalds Branch basin are presented for two approximately
l-year periods, February 14, 1985, to February 19, 1986, and December 2,
1986, to November 24, 1987, and ratios of concentrations of the various ions
to sodium concentrations also are presented and compared with the ratios of
concentrations in seawater. As shown in table 3, the ratios of
magnesium:sodium and chloride:sodium at McDonalds Branch are similar to the
ratios in seawater, indicating that magnesium and chloride have a mostly
marine source, as was suggested by Means and others (1981). The

5¢ :, chloride; Na+, sodium; Mg2+ magnesium; K+, potassium; Ca2+, calcium;

0%, sulfate: NO3', nitrate;: NH, ', ammonium; >, greater than.
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Table 3.--Annual volume-weighted mean concentrations of ions in wet

precipitation, February 14, 1985, through February 19, 1986, and
December 2, 1986, through November 24, 1987, and ratio of constituent
concentrations to sodium concentrations in precipitation and seawater

[mg/L, milligrams per liter]

Ion
Calcium
Magnesium
Sodium
Potassium
Sulfate

Chloride

Volume-weighted mean Ratio of constituent concentration
concentration to sodium concentration
(mg/1L) (mg/L)

Ratio to

sodium in

02/14/1985- 12/02,/1986- 02/14/1985- 12/02/1986- seawater

02/19/1986 11/24/1987 02/19/1986 11/24/1987 (mg/L)
0.071 0.12 0.15 0.32 0.04
.065 .049 .14 .13 .12
46 .38 1.00 1.00 1.00
.045 .054 .10 .14 .04
2.08 2.21 4.52 5.82 .25
.99 .76 2.15 2.00 1.80
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potassium:sodium and calcium:sodium ratios at McDonalds Branch are larger
than those in seawater, indicating a mostly continental source for potassium
and calcium. The sulfate:sodium ratio is much larger than the ratio in
seawater, as a result of the strong input from anthropogenic (pollutant)
sources of sulfur.

The concentrations of chemical constituents in wet precipitation at
McDonalds Branch basin are plotted with respect to time in figures 5 and 6.
The graphs show patterns that are similar to the patterns reported by Means
and others (1981) for bulk-precipitation chemistry, but the graphs also
demonstrate that the seasonal patterns are generalizations to which there
can be numerous exceptions. For example, concentrations of calcium were
larger in the summer than in the winter in 1987, as described by Means and
others (1981) for 1971-72, but concentrations of calcium were larger in
January than they were through most of the summer in 1985,

For most ions, variations in chemical constituents of bulk precipitation
in McDonalds Branch basin paralleled variations in wet precipitation,
although potassium was an exception. Concentrations of potassium in bulk
precipitation peaked during the warmer months (figs. 7 and 8), as reported
by Means and others (1981), but this peak is less pronounced or lacking in
wet precipitation (figs. 5 and 6). This difference indicates that dry
deposition may be responsible for the summer peak in potassium in bulk
precipitation in the Pinelands. A number of researchers (Crozat, 1979;
Lawson and Winchester, 1979; Stallard and Edmond, 1981) have postulated that
potassium may be released as an aerosol from plants, and Crozat (1979)
suggested that the formation of these aerosols may be favored by hot, humid
conditions. The summer peaks in concentrations of potassium in bulk
precipitation in the Pinelands, therefore, may result from local release
from plants.

In figures 5 and 6, two ions, ammonium and fluoride, that were not
monitored by Means and others (1981) are plotted. These ions indicated
concentration peaks during the warmer months and declines in winter.
Ammonium is a terrestrial ion that is released to the atmosphere by
bacterial activity, by fertilizers, and by the burning of coal (Berner and
Berner, 1987). Ammonium, therefore, would be expected to increase in the
warm season due to the tendency for storms to move across the continent in
the spring and summer. The warm-season ammonium peak also might result from
local use of fertilizers and, thus, may be unrelated to storm track. Morgan
and Good (1986) also reported a warm-season peak in ammonium in the
Pinelands on the basis of data collected from July 1984 to June 1986.

Little information is available about fluoride in precipitation, but data in
figures 5 and 6 indicate that there may be a continental source.

Throughfall Chemistry

The USGS sampled throughfall under the following four canopy types in
McDonalds Branch basin: cedar-swamp forest, hardwood-swamp forest (red
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maple/black gum), pitch-pine/black-oak forest, and pitch pine/blackjack oak
forest from October 1985 through March 1986. The sampling protocol and the
analytical results are presented in Lord and others (1990).

Throughfall volumes were not measured until December 24, 1985, and
vandalism precluded the collection of some data. Where volumes of
precipitation and throughfall could be compared for the same time periods,
the throughfall volumes collected were always less than the precipitation
volumes collected. Throughfall volumes ranged from 66 to 89 percent of the
precipitation volumes.

Throughfall sampling intervals were intended to correspond with
precipitation sampling intervals so that throughfall chemistry could be
compared directly with precipitation chemistry. Because of a variety of
sampling problems, however, throughfall sampling corresponded with
precipitation sampling during only four time intervals (table 4). In table
4, the results of throughfall sampling are compared with the results of bulk
precipitation sampling during these four intervals.

Data in table 4 show that throughfall pH in the cedar swamp (median =
3.9) consistently was lower than bulk-precipitation pH (median = 4.5); in
contrast, throughfall pH in the hardwood swamp (median = 5.7) consistently
was higher than bulk-precipitation pH. 1In the pitch-pine/black-oak forest,
throughfall pH (median = 4.5) generally was similar to bulk precipitation
pH, and in the pitch-pine/blackjack-oak forest, throughfall pH (median =
4.9) generally was similar to or somewhat higher than bulk-precipitation pH.

Despite the fact that these results were based on only fall and winter
samples, they are similar to the results of a study of bulk precipitation
and throughfall chemistry conducted by Turner (1983) from November 1979
through January 1982 at McDonalds Branch basin. Turner (1983) reported that
the volume-weighted mean pH of throughfall in oak-pine forests and in the
cedar swamp was lower than in bulk precipitation, whereas the volume-
weighted mean pH in the hardwood swamp (black-gum/red-maple forest) was
higher. Similar effects of deciduous and coniferous vegetation on
throughfall pH were observed in the White Mountains by Cronan (1978), who
reported that less neutralization of precipitation acidity took place in a
coniferous zone than in a hardwood zone. Cronan (1978) suggested that
possible mechanisms for the slight acidification of throughfall in a New
England balsam-fir ecosystem included organic-acid leaching, dissolution of
acid sulfate particles, or foliar exchange of hydrogen ions for cations or
all three. The same mechanisms could be affecting throughfall acidity in
coniferous stands at McDonalds Branch basin.

At all four throughfall sites at McDonalds Branch basin, throughfall was
enriched in base cations (calcium, magnesium, sodium, and potassium) over
bulk precipitation. Wang (1984, p. A. 17) suggests that enrichment of base
cations in throughfall is due, in part, to impaction by aerosols on the
canopy. Precipitation would then wash off dry-deposited substances.
Furthermore, sublimation or evaporation from snow or dew on leaf surfaces
may concentrate ions which are carried by throughfall that drips from the
canopy. As shown in table 4, concentrations of base cations in throughfall
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Figure 5.--Variations in the concentrations of dissolved constituents in wet
precipitation at McDonalds Branch basin, January 1985 through
March 1986.
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Figure 8.--Variations in the concentrations of dissolved constituents in
bulk precipitation at McDonalds Branch basin, December 1986

through November 1987.
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tended to be larger at the cedar swamp than at the other throughfall sites,
perhaps due in part to the larger surface area presented by the dense cedar
canopy to intercept aerosols and also for leaching of ions from needles.

Concentrations of aluminum in throughfall from the hardwood swamp
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